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CHAPTER 1
INTRODUCTION
Precision measurement and logging of small electrical signals in the presence of
noise is a difficult problem, even in a laboratory setting, equipped with mains power and
racks of high precision voltmeters and data logging devices. Making those measurements
on a living, possibly mobile organism in an ambient environment is even more difficult.
Issues that must be addressed include packaging sufficient computing resources, power
source, data storage, wireless communication and a precision data acquisition system to a
small, lightweight, portable package. This thesis discusses a solution to these problems
in the form of a high accuracy sensor for distributed wireless sensor network applications.
1.1

Bioelectric Signals
Biopotentials are typically small electric signals produced as a result of cellular

electrochemical activity. Starting in the 1800’s, with the development of instruments
sensitive enough to detect these tiny signals, scientist have studied them. Originally a
poorly understood phenomena, today these signals are routinely used for diagnostic
purposes and increasingly for man-machine interfaces [1], [2].
The Electrical activity of the brain was first discovered in 1875 by English
physician Richard Caton when he connected wires from a rabbit’s brain to a
galvanometer and demonstrated needle movement [3]. Today, a variety of biomedical
signals are known and studied. The voltage and frequency characteristics of these signals
covers a wide range of voltages and frequencies [4], [5]:


EEG Electroencephalogram – electrical activity of the brain; amplitude 1µV
to 100μV and frequency of 0.1Hz to 100Hz. Utilizes scalp electrodes to
1

detect spontaneous brain activity. EEG signals are analyzed in either time or
frequency domain. Slow cortical potentials, such as event related potentials
(ERP) measure brain response that is the direct result of a specific sensory,
cognitive, or motor event. Typical amplitude is just a few microvolts. Event
related and cognitive potentials are increasingly used for biofeedback
applications and human-computer interfaces [6]. Their amplitude is only
several microvolts and duration is from 400 ms to several seconds, which
requires precise DC performance and high accuracy of the signal conditioning
circuits and data acquisition subsystems. Inappropriate use of high-pass filters
in cognitive experiments can lead to false conclusions about which
components are influenced by a given manipulation [7].


ECG Electrocardiogram represents electrical activity of the heart. Amplitude
of the signal is approximately 1mV at 0.01Hz to 150Hz. Sensors utilize chest
electrodes to detect the heart’s electrical activity.

Depolarization and

repolarization of atrial and ventricular chambers of the heart cause the signal.
ECG has been routinely used for diagnostic purposes for more than a century.


EMG

Electromyogram is signal representing electrical activity of skeletal

muscles; amplitude 50 μV – 30mV, and frequency range 7 – 20 Hz. EMG is
used in clinical environment to detect diseases and conditions like muscular
dystrophy, disk herniation, etc.


EOG

Electrooculography – corneo-retinal standing potential between front

and back of the eye; amplitude 20µV to several mV at DC – 100Hz)

2



Biolectrical activity of plants can range from few mV up to a hundred mV [8]
In 1972 Karlsson published a paper on nonrandom bioelectrical signals in
plants [6]. In this paper, Karlsson presents observations of non-evoked pulse
bursts with amplitudes in the 10 to 200 μV range and within the frequency
range of 0.5 to 200 pulses per minute. Electrical signals can be also used to
generate motion of plants (e.g. closing of Venus flytrap [9], [10]).

1.2

Signal Conditioning Circuits for Biomedical Signals
In order to accurately measure an unknown voltage signal, a measurement system

must have a stable reference and minimize temperature-dependent changes in gain and
offset voltages. For operational amplifiers, the open loop amplification is very large,
typically ranging from several hundred thousand to millions. When used in a closed loop
feedback mode with gain-setting resistors, stability of the signal amplification becomes
dependent on the temperature coefficient of resistance of the resistors. Gain stability can
be achieved by using resistors with inherently low Temperature Coefficient of Resistance
(TCR). For certain topologies, where the ratio of the resistance values determines gain, it
is sufficient to have matched resistors. Matched resistors change at the same rate, thus
keeping the ratio constant and maintaining stable gain. Offset voltage is defined as the
voltage that must be applied between the two input terminals of an op amp in order to
obtain zero volts at its output. It can be either negative or positive and varies from device
to device and also over temperature. The cause of input offset voltage is due to the
inherent mismatch of the input transistors and manufacturing-related stress on the die
[40]. Offset voltage can be compensated for by storing an initial reading from the system,
3

then simply subtracting the initial reading from each subsequent measurement. The
temperature-dependent portion of offset voltage must be compensated for by additional
circuitry, either external or internal to the op amp.
Signal conditioning circuits of biosignals are usually designed as bandpass filter
having a lower cutoff typically in the range of 0.5 Hz to 1.5 Hz. Figure 1 shows a typical
EEG system hardware architecture block diagram [2, p. 3].

Electrode Interface

Buffer

AC-Coupling

Amplifier

0.15 Hz High Pass
Filter
100 Hz Low Pass
Filter

ADC

Digital Signal
Processing

Figure 1 Typical EEG Hardware Architecture
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ECG, EEG, ERP, MEG, EMG, etc., are important physiological signals for
clinical and diagnostic applictions. They are used in research and treatment settings to
provide insights into the bioelectric signals between cells in a living organism. Both
animal and plant cells exhibit physiological signals.
With the growth of computing and digital signal processing capability since the
late 1980’s, the capability to analyze physiological signals has evolved [5, p. 3]. Recent
advances in analog integrated circuits and analog-to-digital converters provide an
opportunity to build a powerful integrated system having powerful computational,
storage and wireless communication capability with significantly higher resolution and
accuracy than currently existing systems.
Equipment with the capability to measure and record sub-microvolt-level signals
is commercially available, from sources such as Keithley, Keysight (formerly
HP/Agilent), Stanford Research Systems, National Instruments, and others. However, the
cost for such commercial equipment is high. For example, a Keithley model 2000 DMM
with RS-232 interface is $1,140 [11]. This meter has a single input, Sensitivity of 100nV
and Bandwidth 3 Hz to 300 KHz. Note that the bandwidth of this meter starts at 3 Hz
and that a laptop computer would be required to collect and store data using the RS-232
interface. Collection of multiple channels requires the addition of a multiplexer, putting
the high performance data acquisition systems into the tens of thousands dollar range.
Cost drivers for the commercially available equipment include many other
features that are not required for simple signal acquisition: resistance measurement,
current measurement, enclosures, displays, and input controls. Thus, the motivation for
building a custom high accuracy sensor is to eliminate unnecessary features, include all

5

necessary features, such as built-in data logging, wireless connectivity, extreme
accuracy/resolution, and do so at a minimum cost and form factor.

1.3

Distributed Wireless Sensor Networks (DWSN)
Wireless sensor nodes are very useful for data collection in remote, dangerous

areas. A good example of such deployment is reported by Werner-Allen in [12].
Multiple wireless sensors were deployed at Tungurahua, an active volcano in central
Ecuador. Sallai, et al. [13] report a gunshot location system comprised of a minimal
number of wireless sensor nodes. Their system can provide accurate location of a shooter
with as few as five nodes in place.

1.4

High Accuracy Sensor DWSN systems
We propose to design and build a high accuracy sensor for distributed wireless

sensor networks applications. The sensor will incorporate low noise analog components,
four channels of very high resolution, differential input analog-to-digital conversion, a
powerful 32 bit microcontroller, micro SD card, and WiFi wireless connectivity. The
analog circuitry will be optimized for stability over changes in temperature. A key
advantage of our sensor node is the extreme resolution ADC. Our sensor offers a very
wide dynamic range of input voltages, so that AC coupling is not required to track a
drifting input signal.
This thesis is organized into six chapters. Chapter 1 presents Introduction to the
problem. Chapter 2 presents survey of existing systems and the state of the art of
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distributed wireless sensor networks. Chapter 3 discusses the design of a DC accurate
amplifier and signal conditioning circuit. Design of the sensor node is presented in
Chapter 4. Chapter 5 discusses the results of sensor validation and long term monitoring.
Chapter 6 presents conclusion and future work. Appendix A is a schematic diagram of
the implemented sensor board.
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CHAPTER 2
SURVEY OF EXISTING SYSTEMS
This chapter discusses the state-of-the-art in high accuracy sensors, particularly
those pertaining to biomedical signals. Typical design issue of relevance for biomedical
signals, such as AC coupling of standard biomedical amplifiers, amplifier topologies, and
components suitable for high accuracy sensors are also reviewed. As an example, we
present several wireless sensors and wireless sensor networks applications.

2.1

High accuracy signal conditioning circuits
Accuracy is defined by Merriam-Webster as “degree of conformity of a measure

to a standard or a true value”. For the purpose of sensing biomedical signals, an accuracy
of better than 10 microvolts is the chosen target. This level of accuracy allows accurate
measurement of almost all types of biopotentials, as described in Section 1.1 of this
thesis.

2.2

Alternating Current (AC) coupling
AC coupling, as shown in Figure 2, is often utilized by biomedical

instrumentation as a means to compensate for drift of the observed signals. Signal drift is
caused by electrical polarization between a metal electrode and an electrolyte, which can
be electrode paste applied to improve signal acquisition, or tissue fluids (e.g. sweat) [14].
However, there are drawbacks to using an AC coupled amplifier for biosignal
measurement, such as degraded common mode rejection ratio (CMRR) and loss of DC

8

content and very low frequency components of the input signal. Spinelli, et al. discuss
this issue and propose that it is essential to utilize an AC coupled amplifier when
measuring biopotentials [15]. Their circuit incorporates a two-stage AC-coupled
amplifier without grounded resistor and achieved a gain of 1001 with 123 dB of CMRR
at 50 Hz. The proposed circuit addresses the signal drift and maintains high CMRR, but
does not offer low frequency response extending down to DC [15].

C
+
-

R1
R2

AC COUPLED

R1
+

C

Figure 2 Typical AC-Coupled Amplifier for Biopotentials

2.3

Precision Operational Amplifiers
Key characteristics desirable in a precision op amp for test and measurement

equipment and medical instrumentation are listed as follows [16]:


Low offset and input bias current



Wide bandwidth



Low noise



Ultra-low offset drift



High current and voltage
9



Low Total Harmonic Distortion (THD)

Three major types of op amps are bipolar, JFET and CMOS. Each type has its
strong point, but there is no perfect op amp. Bipolar op amps excel in the low noise arena
but have a high power requirement and typically have high offset drift. JFET op amps
have extremely low input bias current and low power. CMOS op amps have high
bandwidth, low power requirement and can be constructed with auxiliary circuitry, but
are not low noise. Of currently available op amps optimized to meet the above criteria,
typical performance characteristics are [16]:

2.4



0.005mV < Vos < 1mv,



0.02µV/C < VosDrift < 5µV/C,



1pA < Ibias < 20pA, and



3nV/√Hz < Noise < 10nV/√Hz.

Differential amplifiers
Two prevalent input circuit configurations for Analog to Digital conversion circuits

are Single ended and Differential. Single ended configurations use a single, common
reference voltage (i.e. “ground”) for multiple channels. The converted value is
considered to be with respect to the reference voltage. Differential configurations use
two inputs, “positive” and “negative”. The converted value is considered to be the
difference between the positive input and the negative input [17].
High impedance inputs are particularly susceptible to stray electrical signals from
50/60Hz mains voltage. This nearly ubiquitous source of electrical interference can
10

couple onto a high impedance input by means of parasitic capacitance. The differential
input circuit is less susceptible to common mode interference because it rejects noises
that are common to both inputs. The superior performance of differential amplification
and analog to digital conversion does come at a cost in additional components and circuit
complexity. For measurement circuits involving voltages in the microvolt range,
differential amplification and conversion is required [18].

2.5

Integrated analog front ends
State of the art in integrated sensors for biopotential measurements, particularly

suitable for Electrocardiogram (ECG) measurement is the Texas Instrument ADS1298.
This device provides eight channels of integrated programmable gain amplifier (PGA)
plus separate ADC (24 bit sigma delta topology) [19]. An image of the ADS1298
evaluation kit from Texas Instruments is shown in Fig. 3.
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Figure 3 ADS1298 Reference Design

2.6

Wireless Sensor Networks and Applications
Due to recent improvements in technology available for wireless communication,

Integrated Circuits (ICs) and micro electrical mechanical systems (MEMS), there has
been tremendous growth in the application of wireless sensor networks (WSN). WSNs
are large networks, consisting of a number of sensor nodes, each having sensing, signal
processing and wireless capability [20]. Wireless sensor networks may be located within
a facility, outdoors or on a person. Wireless sensor networks may also be either fixed or
mobile.
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2.7

WSN Applications
Wireless sensor networks became ubiquitous, and architecture of choice for many

applications. Home security systems, for example have transitioned from a system
consisting of a central control box with hard wire connection to dozens of sensors to a
wireless sensor network. Motion sensors, glass break sensors, door open sensors all
communicate to a central wireless control station. In clinical settings, it is common for
heart patients to be completely mobile while wearing a portable heart monitoring system.
Not only does such a system provide improved data, it also improves quality of life for
the patient.

2.8

Macroscope project
An example of using multiple wireless sensors in a network to collect data is

presented in [21]. An experiment conducted with multiple (33) wireless sensors
distributed all over a giant redwood tree such that over a period of 44 days in the life of a
70 meter tall tree, temperature, relative humidity, and active solar radiation were
measured every 2 meters along the tree. The experiment proved successful long term
monitoring of environmental conditions using wireless sensor networks, and also gave
rise to the problem of analyzing massive quantities of data collected during experiment.

2.9

Plant monitoring general approach and method
Monitoring of biosignals of plants is a subject researched by Jovanov and Volkov.

They have developed techniques for measurement of plant electrical activity and evoked

13

potentials. Their work points out the particular importance of establishing a “common
ground” reference potential for measurement of plant electrical signals [22]. Their work
also includes electrical stimulation of plants and quantization of charge necessary to
produce biological effect, and study of plant memory of such electrical stimulation [9],
[10], [23].
Gil, et al. report the electrical response of fruit trees to soil water availability and
present data showing diurnal light-dark cycles in [24]. Their data clearly shows nighttime electrical activity in the form of 10mv peak to peak Electrical Potential (EP) spikes
and markedly different day-time activity in the form of a slowly drifting signal. Gil, et al.
suggest that “electrical potential fluctuations during light and dark periods may be due to
differential sap flow velocity at different times of the day as a result of stomatal closure
during the night” [24, p. 1027]. Further, Gil, et al. suggests that atmospheric electricity
conditions may also affect the observed plant potentials.

2.10 Distributed health monitoring applications
Wireless sensor networks significantly improve user’s comfort in health
monitoring applications. The systems often integrate smart phones as part of a wireless
sensor network [25]. A smart phone acts as a central collection point for the network of
sensors, called Wireless Body Area Network (WBAN). Typical applications of WBAN
include distributed group monitoring,

14

2.10.1 Stress monitoring
A body area network (BAN) of intelligent sensors that are integrated into a
distributed network of wireless systems for synchronized monitoring of a group of
subjects is presented in [26], [27]. A proposed application of the system was for
psychophysiological evaluation of military members undergoing intense training. Heartrate variability was measured using high-precision instrumentation over a period of
several days of training. Results indicate stress level and stress resistance indicated as
significantly different patterns of heart rate variability.

2.10.2 Ubiquitous health monitoring
Hardware and software architecture of a working wireless sensor network system
for ambulatory health status monitoring is an ongoing research activity at the University
of Alabama in Huntsville. The system consists of multiple sensor nodes to monitor
motion and heart activity. The system incorporates a WBAN of physiological sensors
controlled by a personal server on a smartphone, and connected to a mobile health server
(mHealth) over WiFi or cellular connection [28], [29].

2.10.3 Sleep monitoring
Madhushri, et al. present a wireless sensor network for distributed sleep
monitoring combining wireless inertial sensors utilizing a smartphone as host. The
system was able to achieve 96.51% detection accuracy of Periodic Leg Movement (PLM)
through synchronization of multiple inertial sensors [30].

15

2.11 Time Synchronization of nodes in WSN
Most of previously described applications require simultaneous data collection
from several sensors/remote stations. For some applications, such as multiple remote
temperature/humidity sensors, the relative time between measurements is not so critical.
Whether samples are taken within 1ms, 1s or even several seconds of each other is not
critical due for those applications to the inherent slow rate of change of temperature and
humidity. However, other applications, such as direction finding by use of multiple
remote acoustic sensors requires very precise correlation of measurements from multiple
sensors in a distributed wireless sensor network. Therefore, most application need a
technique for time synchronization of signals from multiple remote sensor nodes.
Incorporation of a Global Positioning System (GPS) receiver would provide capability of
precise time synchronization. However, cost, power consumption and antenna
requirement for GPS receivers reduces the attractiveness of this approach.
Sichitiu, et al. discuss a deterministic time synchronization method relevant for
wireless sensor networks in [31]; the proposed approach makes use of periodic
measurements of message transmission times between sensor nodes to maintain time
synchronization. Timestamping of message send and receive times allows
synchronization within a bounded error of measurement. The error is bounded because
drift of the local oscillator can be taken into account. The proposed algorithm was tested
for two sensor nodes and can be extended to an arbitrary number of sensor nodes.
Several projects used synchronization of ZigBee-based wireless sensor networks
utilizing the Flooding Time Synchronization Protol (FTSP). This protocol was developed
to allow time synchronization of mesh-connected wireless sensor networks. Their

16

implementation was optimized for master-slave networks and implemented on TinyOS
[32].
Milosevic et al. present a virtual reality training and rehabilitation system based
on a hybrid infrared (Wii controller) and inertial sensor system. They propose an
extension that will allow simultaneous monitoring of multiple users by utilizing a
network of wearable sensors [33], [30].
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CHAPTER 3
DESIGN OF A DC ACCURATE AMPLIFIER
Many applications need a battery powered, low cost, high resolution, highly
accurate sensor with data logging, and wireless connectivity. Typical applications include
environmental monitoring and biomedical applications, as described in the previous
Chapter. Although several manufacturers, such as National Instruments [34], provide
high performance systems, their form factor is not suitable for field experiments.
Therefore, we decided to develop a custom sensor, with primary focus on biological
application and plant monitoring. Two components of the sensor system were considered
to be key for successful sensor implementation: Analog Front End (AFE) and Analog to
Digital Converter (ADC). This chapter discusses the Analog Front End design.

3.1

Requirements for Biomedical Amplifiers
Monitoring of biomedical signals typically has the following challenges:


small amplitude and large source impedance of the voltage source



high dynamic range and variability of the signal



baseline drift of the signal



ambient noise (mostly power line interference and man-made signals such as
radio, TV, and cell phone signals)
Therefore, most biomedical sensors feature differential amplifier design,

programmable gain, low drift, and high input impedance. Differential amplification
eliminates noise induced in the measurement wires and large values of the baseline that
would saturate amplifier output. Programmable gain compensates for variability of the
18

signal, but baseline should be eliminated to prevent output saturation. High input
impedance compensates high output impedance of the voltage sources.
Typical biomedical amplifiers implement differential programmable amplification
with bandpass filtering. Elimination of DC offset and low frequencies, typically below
1.5 Hz, eliminate baseline and allow amplification of the dynamic component of the
signal. Attenuation of high frequencies eliminates high frequency noise induced in the
signal. However, some signals contain significant information at very low frequencies
(less than 1 Hz). Examples include slow cortical activity related to cognitive activity and
circadian rhythms of plant’s electrical signalization .
3.2

Sources of low accuracy of bioamplifiers
Typical bioamplifier circuit topologies are shown in Figure 4 [4, p. 3]. For all

these circuit topologies, there are several potential sources of low accuracy: mismatch in
resistor pairs, changes in resistance as a function of temperature, op amp parameters
voltage/current noise, offset, offset drift, common mode rejection and power supply
rejection. There are many tradeoffs involved in amplifier circuit design and ultimately
there are theoretical limits that can be achieved. Cost, power and size are the three key
factors influencing design choices.
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Figure 4 Typical bioamplifier topologies
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In order to accurately measure the voltage generated by a high impedance source,
such as an electrical signal generated by a living organism, a sensor must have very high
input impedance. As source resistance increases, noise voltage also increases [14].
Figure 5 (from [14], pg. 1-4), shows the relationship between noise voltage and source
resistance.
It is important to note that measurement of a microvolt-level signal from a source
with mega Ohm-level source resistance is near the theoretical limit of measurement. The
source of this limitation is Johnson or thermal noise, related to thermal energy of a
resistance producing motion of charged particles. Noise power can be calculated by:
𝑃 = 4𝑘𝑇𝐵

Eq 1

Where: P is power in Watts, k is Boltzmann’s constant (1.38 x 10-23J/K), T is absolute
temperature in degrees Kelvin, and B is noise bandwidth in Hz ([14] pg. 2-62). The
equation for noise power tells us that the two ways to limit noise power are 1) to reduce
temperature and 2) minimize bandwidth. Allowing for ambient measurements of signals
with high source impedance leaves only one option: minimize bandwidth, focusing on a
narrow range of frequencies rather than a broad range.
3.3

Hardware Design
Hardware design of our sensor was driven by needs of biomedical applications.

Typical sources of biomedical activity are very low voltage (in microvolt to millivolt
range) and high output source resistance (in KΩ to MΩ range). In this section we present
fulfillment of requirements of target applications and evaluation of design space of the
analog front end of our sensor.
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3.4

Design Strategy
There are several design strategies for the development of signal conditioning

circuits. We use the method described in Analog Devices Linear Design Seminar, Edited
by Walt Kester [36] and “Design femtoampere circuits with low leakage” (EDN article)
[37]:


In order to optimize the sensor for high impedance sources such as plant biopotentials, use trade study methodology to choose an op amp with low input bias
current, low offset voltage, and low offset voltage drift.



Follow layout guidelines to maximize fidelity of signal from high impedance
source:
a. guard high impedance inputs
b. drive guard trace to nominal sensor input voltage
c. locate impedance converting amplifier circuit near sensor connection to
reduce influence of cable noise on the signal
d. use differential amplification and differential input ADC to reduce influence
of common mode noise
e. use matched gain resistor network with low temperature coefficient of
resistance (TCR)



include a temperature sensor to accommodate for calibration over a range of
temperatures, if possible.
Throughout the design phase, there were several iterations. During schematic

capture, each review led to improvements in the overall approach, changes in power
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supply architecture, and incorporation of design decisions to make eventual assembly of
the PCB easier. During PCB layout, a similar approach led to several iterations, each
improving component orientation, connector location and performance characteristics of
the circuit. A block diagram of the sensor input is presented in Figure 6.

3.5

Analog Front End (AFE) design
The AFE is designed with a passive low pass filter, differential amplifier and

differential AD converter. A low pass LC filter is implemented for EMI suppression and
anti-aliasing. The buffer (impedance converting amplifier) utilizes differential
amplification and filtering in order to reject common mode noise, such as ubiquitous
50/60 Hz mains noise. The differential ADC uses delta sigma architecture and supports
chopped operation.

+Vanalog
EMI Low
Pass Filter

-Vanalog
Sensor
Connection
Points

EMI & Antialias filter

Differential
Buffer

Differential
ADC

Figure 6 Sensor Board Input Architecture
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Data Collection
Control & Wireless
Interface

3.6

EMI Filter
Environmental sensors are exposed to significant interference from man-made

sources, such as wireless (2.4 GHz and 5 GHz), and cell phone activity (~800 MHz and
1.9 GHz). In addition, our sensor integrates a wireless transceiver operating in the 2.4
GHz range. Therefore a 3-terminal EMC filter has been included in series with each
sensor lead. Figure 7 represents integration of the EMC filter in our analog front end
circuit.

Figure 7 EMI Filter Section of Sensor Board
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Frequency characteristics of the selected EMI filter, TDK part number
MEM2012SC220, is presented in Figure 8.

Figure 8 EMI Filter Insertion Loss vs. Frequency Characteristics
3.7

Operational Amplifier Selection
A trade study was performed to select an op amp for the sensor. First the

important criteria were established and an importance weight factor applied to each
category. High performance amplifiers from Linear Technology, Analog Devices, Texas
Instruments, and Maxim were considered. Five parts met the criteria and were scored
using a trade study methodology using the following parameters as presented in Figure 9:


Bias current



Offset voltage



Sensitivity of offset voltage to temperature



Common mode rejection ratio
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Power supply rejection ratio (PSRR)



Low Frequency voltage noise

Figure 9 Op Amp Trade Study Analysis

Based on analysis of candidate amplifiers, the OPA2141 from Texas Instruments was
selected. In addition to excelling at the target criteria, due to its JFET input structure, the
OPA2141 has differential and common mode input impedance of 1013 Ohms. This very
high input impedance allows minimal loading of high impedance sources such as
biopotentials.
Performance of the differential amplifier depends on passive components used in the
design. Therefore, we used a calibrated resistor network to implement the differential
amplifier gain setting circuit. Figure 10 presents the differential buffer design in our
analog front end circuit.
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Figure 10 AFE Differential Buffer

3.8

Low Pass Anti-alias Filters
A passive anti-alias filter circuit has been incorporated into the differential

operational amplifier gain-setting circuitry. External compensation capacitance across
the gain setting resistors (presented in Figure 10), creates a low pass filter with 3dB
corner frequency of approximately 75KHz. A passive differential low pass filter (LPF),
with 3dB corner frequency of approximately10KHz (presented in Figure 11) follows the
gain stage. These circuits were modeled using Texas Instruments TINA analog
simulation (SPICE) program. A fully differential active low pass anti-alias filter was
considered for inclusion in the circuit, but because the selected ADC chip has an
integrated anti-alias filter, this was not required. Figure 12 presents a bode plot of
frequency response for the external op amp compensation. Figure 13 presents a bode plot
of frequency response for the analog differential low pass filter.
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Figure 11 Implemented Differential Low Pass Filter
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Figure 12 Bode Plot of 10pF Compensated Differential Gain Stage
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Figure 13 Bode plot of the implemented differential low pass filter
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100k

3.9

AFE Gain Setting Resistors
We implemented the differential amplifier according to the topology shown in

Figure 14. The amplifier has the following gain:
2∗𝑅2

𝐴𝑣 = 1 + (

𝑅1

)

Eq 2

R2 (9K)

R1 2K

10p

10p
R3 (9K)

Figure 14 Compensated Differential Amplifier

For the selected amplifier topology R2 must be closely matched with R3. Also,
because gain stability versus temperature depends on the temperature coefficient of
resistors R1, R2 and R3, the temperature coefficient of these resistors must be matched.
In order to meet these criteria, a resistor network was selected.
The Linear Technology LT5400 incorporates resistors for gain Av = 10 in an 8lead MSOP package. The device features excellent resistor matching (0.025%), matching
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temperature drift (0.2ppm/C) and 8ppm/C absolute resistor value temperature drift. Long
term stability is 2ppm at 2000 hrs.
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CHAPTER 4
DESIGN OF THE SENSOR NODE
A high performance, very high resolution, DC accurate sensor node for
distributed sensor network applications requires a precision Analog Front End (AFE), an
appropriate analog-to-digital converter (ADC), data processing/storage/transmission
circuitry, and low noise power management circuit. Because of the isolated nature of
biosignals, a common reference must be provided by the sensor node. Battery operation
of the sensor is desirable in order to provide galvanic insulation of distributed processes.
Monitoring of bioelectrical activity of plants located outdoors or in remote locations is
facilitated by inclusion of abundant onboard data storage capability and wireless data
communication capability.

4.1

Sensor node system organization
A block diagram of the design sensor is presented in Figure 15. The sensor is

organized into areas of low-level analog routing, filtering, amplification, ADC,
processing, power supply, wireless interface and data storage.
4.1.1

Block diagram
Implemented sensor has four differential inputs and a common mode driven

reference output, common for bioamplifiers. EMI filtering is provided for the differential
input lines. The low level analog signals are routed through a low noise, fixed-gain (10x)
stage and analog low pass filter before entering the ADC.
A Teensy 3.2 was selected as a processing platform to read and process data from
the ADC (https://www.pjrc.com/store/teensy32.html). The Teensy 3.2 has capability to
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transmit the resulting data over USB to a host, store the data in a micro SD card and
transmit the data via WiFi.
Main system voltage is 5 VDC and it is supplied by the USB connector. All
digital logic operates at 3.3 V. All analog circuitry operates at ±2.5V.
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4.2

ADC Selection
ADC resolution commonly found on-board microcontrollers, such as the Teensy

3.2, have a full scale resolution of 12 to 16 bits, with usable resolution in the range of 10
to 13 bits. The difference between full scale resolution and usable resolution is noise in
the least significant few bits. The actual signal measurement range of an ADC is a
function of usable resolution and of the ADC reference voltage. A 13-bit usable ADC
with 3.3V reference therefore has a resolution of 3.3V/213 or 412.5µV. Because the
intended signal measurement range for this sensor is in the range of 1 microvolt, at least 8
more usable bits are required in addition to 13 bits of the standard AD converter.
Therefore, a dedicated high performance AD converter has been selected for sensor
implementation.
Several key factors drive the ADC selection:


four differential inputs



at least 22 bits resolution



at least 10 updates per second



Must operate on +/- analog supplies



In order to make prototyping easier, the ADC package should have external
leads rather a than no-lead package such as Ball Grid Array (BGA) or Quad Flat
No-Lead (QFN).
Well established chip manufacturers Analog Devices, Linear Technology, Maxim

Integrated Circuits and Texas Instruments were considered as sources for the ADC chip.
The Texas Instruments ADS1262 [38] meets or exceeds all these criteria and also has an
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excellent reference design and software support, therefore it was selected for the sensor
board design.

Figure 16 ADS1662/3 Functional Block Diagram

4.3

Processor Selection
The main processor for the distributed sensor node must have sufficiently high

processing performance to run processing and communication protocols, and support low
power modes of operation to extend battery life of the system for long-term monitoring.
Teensy 3.2 board is selected as a processing platform, because of high performance,
power efficiency, and wide support for this Arduino-compatible board. It is low cost
(<$20 in quantity one), very powerful 32 bit ARM Cortex M4 microcontroller
MK20DX256VLH7. The processor is running at 72MHz that can be overclocked to 96
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MHz. The processor has 256KB Flash Memory, 64KB RAM, and 2KB EEPROM. The
board can be powered through USB 5V input, or battery power supply. The controller has
an on-board 3.3V voltage regulator that can be used for supplying external circuits with
up to 100 mA power supply current. Also, Dr. Jovanov has extensive experience using
Teensy for rapid prototypes and was able to offer significant support during system
implementation.

4.4

Power Supply
The analog circuitry runs in split supply mode, with ±2.5V. The +2.5V supply is

derived from the Teensy 3.2 on-board +3.3V regulator using a Texas Instruments
TPS79225 low noise voltage regulator. The -2.5V supply is generated by a Texas
Instruments LM27761 charge pump inverter with integrated low noise adjustable voltage
regulator. For temperature stability of the negative analog voltage supply, voltage setting
resistors in the adjustable voltage regulator circuit have a low Temperature Coefficient of
Resistance, 15ppm/C.

4.5

Other Peripherals
Additional peripherals on the sensor board include an ESP8266 WiFi daughter

card, an OpenLOG microSD daughter card, two push button switches and two LEDs.
The daughter cards give the sensor board IEEE 802.11g wireless communication
capability and the ability to store up to 64GB of data on a micro SD card.
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A 16GB micro SD card was chosen for ease of availability and low cost. There
are several versions of ESP8266 WiFi module available. The primary differences
between the versions are mounting style and antenna configuration. Two variations of
mounting are available: surface mount and through-hole. The through-hole version was
chosen for our sensor for ease of assembly. The antenna configuration options include a
version with integrated PCB trace antenna and another version with external antenna. The
external antenna version has a connector for making a connection to an external antenna.
An external antenna provides additional gain and extended communication range. The
version with integrated antenna was chosen for our sensor for compactness and low cost
of the implemented sensor.

4.6

PCB Layout
Schematic capture and PCB layout were done using CadSoft Eagle software,

version 7.6.0 for Windows (64 bit), standard edition. The schematic diagram for our
sensor is attached as Appendix A. The sensor board PCB utilizes four layers, top, bottom
and two inner plane layers. The 3.3V, +2.5V, -2.5V and GND nets are routed as planes.
Low level analog input signals are routed as pairs with careful attention to symmetry.
Analog signals are separated as far as possible from digital signals. Following the
recommendation in the ADS1262 data sheet, high speed digital signals include series
termination resistance.
The Printed Circuit Board was fabricated by OSH Park, a community printed
circuit (PCB) order house that takes designs from several users, puts them together on a
panel then orders the panel from a USA fab. OSH Park de-panelizes the boards and ships
38

each set of boards to the respective customer, resulting in a significant reduction of setup
charges for very small orders. PCB specifications include:
 4-Layers
 63mil FR408 substrate
 Copper weight: 1oz outer, 1/2 oz inner
 Purple solder mask over bare copper and Electroless Nickel Immersion Gold
(ENIG) finish
 Minimum: 5mil trace clearance, 5mil trace width, 10mil drill size and 4mil
annular ring
PCB layout is presented in Figure 17 - Figure 20. A photo of a finished assembly
is presented in Figure 21.

Figure 17 Sensor Board PCB CAD Layer 1 (Top)
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Figure 18 Sensor Board PCB CAD Layer 2 (Inner Plane, GND)

Figure 19 PCB CAD Inner Layer 3 (+2.5V/+3.3V)
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Figure 20 PCB CAD Bottom Layer (-2.5V/GND)

Figure 21 Photo of Actual PCB with Components Mounted
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4.7

Processing and Communication
Processing of input signals is performed by main processor and by the ADC. The

ADS1262 ADC IC has hardware support for FIR and SINC filtering, with simultaneous
50/60Hz rejection. One FIR setting and five SINC settings are available. The ADS1262
data sheet [38] has complete information regarding tradeoffs and limitations of the
various filter and update rate settings. A chop mode is also available, that automatically
swaps the internal positive and negative processing circuitry on alternating conversion
cycles to effectively cancel out time varying changes in offset voltages of internal
circuitry. Figure 16 shows a functional block diagram of the ADS1262.
The Teensy 3.2 processor board has a MK20DX256VLH7 Cortex-M4
microcontroller on board. The rated speed of the processor is 72MHz. Memory consists
of 256 KB Flash for program storage, 256 bytes cache, 64 KB RAM, and 2 KB
EEPROM.
Wireless communication is implemented using an ESP8266 WiFi daughter card.
This small daughter card supports IEEE 802.11 b/g/n protocol, has integrated TCP/IP
protocol stack and communicates to the Teensy 3.2 controller over a UART connection
up to 921,600 bps. Technical details of ESP8266 can be found in [39]. A block diagram
of the module is shown in Figure 22.
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Figure 22 ESP8266 Internal Block Diagram

Data storage to micro SD card is implemented with an openLog daughter card
(https://www.sparkfun.com/products/13712). The main features of the openLog module
are:

4.8



Supports FAT16/32 microSD cards to 64 GB



VCC Input: 3.3V – 5V



AT command interface



Programmable baud rates to 115,200 bps

Software organization
The sensor node software is organized as an Arduino Sketch, built using Arduino

version 1.6.11. Project files are organized as follows:
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ads1262.h contains Teensy pin definitions, program constants for ADS1262
registers and started out as an open source file from Protocentral, released into
the public domain with no restrictions.



ads1262.cpp contains initialization code for the ADS1262 ADC. This open
source code also originated as open source code from Protocentral, released
into the public domain with no restrictions. Slight changes had to be made for
initial configuration parameters of the sensor board application.



afe.ino contains the actual application in Teensyduino format. It is divided
into setup and loop sections, with timer interrupt service routing and utility
procedures (e.g. SD card logging).

The initialization code sets up the Serial ports 1 and 2, the SPI interface,
configures the ADS 1262, the SD card interface and Interrupt Service Routine. The loop
section sequentially reads each of the four ADC channels, putting the data in a temporary
buffer, then writes data to the SD card after all four channels have been read and
processed. Data is also written to the user USB serial port for user monitoring, if desired.
Figure 23 presents a flowchart of the sensor node running on Teensy board.
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Figure 23 Teensy 3.2 Sensor Application Flowchart
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4.9

Electrodes for Plant Monitoring
We fabricated custom silver/silver chloride (Ag/AgCl) electrodes using specially

treated 99.9% pure silver wire, 20 AWG. Electrodes were isolated using heat shrink.
Each electrode is 30mm long with 5mm Ag/AgCl tip exposed. The remaining 25mm is
protected by heat shrink insulator. There are five electrodes, one for each channel and a
fifth to serve as a reference.
A long-term monitoring of tree potentials has been performed to test the sensor in
field conditions. For the experiment, 30 mm holes were drilled into a tree at 150mm
distance between electrode sites. The lowest electrode was placed at 100 cm height. One
electrode was inserted into each hole.

4.10 Sensor performance validation
Establishment of baseline measurement accuracy in the very low voltage region
required a low noise reference voltage source. We implemented a precise low voltage
source with output in the range of 25 μV to 100 μV, with <5 Vpp noise. The reference
voltage source was constructed using an Intersil ISL21090 ultra low noise, 1.25V
precision voltage reference and a precision adjustable resistor divider using two Vishay
Accutrim 1240 Ultra High Precision Trimming Potentiometers. The implemented test
circuit is presented in Figure 24.
Zero input and full scale measurements were conducted to verify stability and
accuracy performance. The results are presented in Chapter 5.
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CHAPTER 5
RESULTS
Implemented sensor board has been tested in the Lab and during long-term field
monitoring conditions. Our sensor board has shown to be a very capable signal
monitoring device. It exhibits stable voltage measurements, low power drain, ability to
write data to an onboard micro SD card and also to communicate over a WiFi connection.
A 10,000 mAh battery pack with USB output provides nearly four days of continuous
operation of the sensor board with no power down modes (100% processor utilization).
5.1

Test Applications
In order to establish calibration for the sensor board, measurements were made

with the inputs shorted so that a zero input could be obtained. A nominal voltage was
also applied to verify upscale readings against a precision voltmeter.
Filed experiment was made by using measurements of tree voltage potentials over
the course of several days. Long term records of tree biopotentials were recorded and
analyzed.
5.1.1

Zero input testing
Figure 26 shows the stability of the sensor board voltage measurement over a

period of 12 hours. For this test, the inputs were shorted together. The results indicate
that the inputs remained within a +/- 4 microvolt range. This data was written to the
onboard micro SD card during data collection.
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Figure 26 Inputs shorted to demonstrate measurement stability over 12 hours
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5.2

Full Scale inputs
For measurement of upscale data, a voltage divider circuit was constructed as

shown in Figure 27. The resistor values were chosen to simulate the expected source
impedance of tree biopotentials. Results of the measurement are presented in Table 1.

560 K, 5%

10 K, 5%
3 VDC
10 K, 5%

10 K, 5%

10 K, 5%

10 K, 5%

Figure 27 Resistor Divider Circuit for Full Scale Measurement
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Table 1 Full Scale Data Analysis

CH1
51221.02
2.39
9.57

5.3

CH2
49817.11
2.23
9.18

CH3
52071.22
1.81
7.16

CH4
52787.56
1.32
5.12

average (µV)
std dev (µV)
pk-pk (µV)

Positive

Longitudinal Monitoring of Tree Potentials
Shown in Figure 28, a hardwood tree was prepared for measurement by drilling

holes, 30 mm depth, starting at 100 cm above ground level, spaced 15 cm apart. A 30 mm
Ag/AgCl electrode was placed in each hole and the electrodes were wired to our sensor.
Powered by a 10,000 mAh battery and protected from weather by a plastic bag, the
sensor was configured to collect samples at 10 Hz rate (2.5 sets of four-channel data per
second). Figure 29 shows a plot of the collected 24 hrs of data, plotted as differential
voltages as measured at each of the respective channels, Ch1, Ch2, Ch3 and Ch4. Figure
30 shows the same data, plotted as absolute voltages, obtained by mathematically
“unstacking” the measurement data by computing the difference between adjacent
channels.
With 32-bit data available, it is possible to zoom in and explore voltage variations
on a scale not previously possible with 20- or even 24-bit resolution ADC. Figure
31shows the data from Ch1 with an area of interest boxed. Figure 32 shows a zoom view
of this data. It is clear that fine voltage variations can be seen in the zoomed view.
Further zoom is possible, as shown in Figure 33, the boxed region from Figure 32 is
zoomed to identify individual peaks. Figure 34 shows the level of extreme zoom possible.
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After collection of this first data, a modification was made to the front end circuit
of our sensor. Previously, each adjacent channel’s negative input was directly tied to the
previous channel’s positive input. This direct connection was replaced with a 47K Ohm
connection to provide improved isolation between adjacent channels. A new set of data
from the same tree, using the same electrode configuration was collected. Results are
shown in Figure 35. The waveform shows a diurnal nature as discussed earlier in section
2.9. Daytime and nighttime electrical activity can be clearly identified.
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Figure 28 Data Collection of Tree Biosignals
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V[mV]
V[mV]

Figure 29 Differential Tree Potential Voltages

t[hours]

Figure 30 Absolute Tree Potential Voltages
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V[mV]

Figure 31 Absolute Tree Potential, Ch1, region of interest boxed

t[hours]

Figure 32 Zoom to Region of Interest in Waveform
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V[mV]
V[mV]

Figure 33 Zoom In to Explore Interesting Data

Figure 34 With 32-bit Resolution, Individual Peaks Can Be Analyzed
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V[mV]
V[mV]

Figure 35 Four Days of Tree Potential Data

57

CHAPTER 6
CONCLUSION
Environmental monitoring in distributed sensor networks often requires precision
measurement and logging of small electrical signals in the presence of noise. Moreover,
sensors must be small and power efficient. Most of high accuracy sensors on the market
are essentially laboratory equipment, not suitable for field experiments. Recent
technological developments of high performance microcontrollers, high resolution ADCs,
and high performance analog front end controllers created new opportunities for
implementation of high accuracy sensors for distributed wireless sensor network
applications.
In this thesis we present development of a high accuracy 4 channel wireless
sensor for monitoring and processing of biological signals. The sensor is designed
specifically for long term environmental monitoring of plants, although it can be used for
other biological and environmental applications. We present a system design and
performance analysis of the implemented sensor. One specific advantage of our sensor is
the incredible dynamic range made possible by the 32-bit ADC. The ability to zoom in
and see microvolt-level voltage variations on relatively large signals presents an
opportunity to make long term observations of plant biopotentials using low cost,
portable equipment. Because there is no AC coupling of the analog front end, collection
of very low frequency, DC accurate, signals is possible with our sensor.
Original contributions of this work include:


Original design of the sensor platform



Analysis of DC accurate signal conditioning circuits for WSN applications
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Implementation of DC accurate data acquisition system with no AC coupling,
low offset drift, and 32 bit ADC.



Performance analysis of the implemented four channel high accuracy data
acquisition system.

Future work includes the following:


Optimization of the software to increase ADC sampling rate.



Implementation of support for time synchronization of multiple sensors in
distributed wireless sensor network applications.



Support for alternative measurement setups.



Environmental enclosure and improved electrode connection mechanism.
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APPENDIX

Appendix A
Schematic diagram
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